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Shock Behavior of Materials

A. High strain rate elastic-plastic behavior and shock-induced damage

Shock loading techniques enable the study of the thermo-mechanical behavior of materials over ranges of very high strain rates, typically between about 10 4 and 10 7 s -1 , up to 10 9 under sub-picosecond laser irradiation 15 , where inertia effects play key roles. Most experiments involve the propagation of pla-nar waves, in conditions of uniaxial strain 16 , in compression first and then under tension induced by the interaction of release waves inside the sample. Depending on the material and the strength of the prop-

 .

I. INTRODUCTION

The physics governing the response of materials to shock loading has numerous applications in various fields, ranging from Earth and planetary science to engineering and ballistics. Elucidating the behavior of materials experiencing the passage of shock waves motivates active research worldwide, including experimental developments with in-situ and time-resolved measurements, modern computational approaches and multi-scale simulations.

Recently there has been a remarkable development of new diagnostics to characterize material properties under dynamic compression, as can be appreciated by the breadth or articles published in the special topic Shock behavior of materials. Ultra-fast time-resolved velocity interferometers (such as VISAR -Veloc-ity Interferometer System for Any Reflector 1 and PDV -Photonic Doppler Velocimetry 2 ) have been used to determine the Hugoniot pressure-density relationship from direct measurements of the shock and parti-cle velocity [START_REF] Zel | Physics of Shock Waves and High-Temperature Hydrodynamic Phenomena[END_REF] , and also to infer the occurrence of phase transitions, from continuous measurements of the sample free surface velocity and wave profile analysis [START_REF] Barker | Shock wave study of the α ⇄ ϵ phase transition in iron[END_REF][START_REF] Boettger | Metastability and dynamics of the shock-induced phase transition in iron[END_REF] . Impedance matching techniques are also often used to determine the Hugoniot pressure-density equation of state (EOS), by transmitting a shock from a reference material, whose EOS is known, to the unknown sample [START_REF] Zel | Physics of Shock Waves and High-Temperature Hydrodynamic Phenomena[END_REF] . Discontinuities in the inferred shock vs particle velocity have been interpreted as signatures for phase transitions. More recently, in-situ X-ray diagnostics, such as X-ray diffraction and X-ray imaging have become available in large laser facilities [START_REF] Rygg | Powder diffraction from solids in the terapascal regime[END_REF][START_REF] Foster | Planar, longitudinal, compressive waves in solids: Thermodynamics and uniaxial strain restrictions[END_REF][8][9] but also at synchrotron and X-Ray Free Electron lasers beamlines [10][11][12][13] , to provide a direct measure of the atomic structure and its changes upon shock compression. These changes, including rate-dependent plas-ticity and phase transformations, can be compared with the predictions of large scale molecular dynamics (MD) simulations, which allow detailed studies of the governing mechanisms over very short timescales and extremely high strain rates representative of shock loading conditions 14 . Macroscopic models based on continuum mechanics keep progressing too, and their use in hydrocodes allows direct comparisons with experimental data at larger spatial scales, as well as practical predictions relevant for a variety of engineering applications. Finally, post-shock analyses of recovered samples involving refined techniques (X-ray tomography, electron back-scattered diffraction, Raman spectroscopy, etc.) provide complementary insight into the permanent effects of shock loading, including plastic deformation, pore collapse, densification, damage and failure, with an improved understanding of the roles of the initial microstructure on these effects.

The next section illustrates recent advances and achievements in five areas related to shock compression: plasticity and damage in Sec. II A, equations of state and phase transitions in Sec. II B, applications to engineering (Sec. II C) and planetary science (Sec. II D) and detonation and explosives in Sec. II E.

B. Equation of state and phase transitions under shock compression

In-situ X-Ray Diffraction (XRD) has been used to investigate the occurrence and nature of phase transitions upon shock-compression at large laser facilities, synchrotron and X-ray Free Electron lasers. Different materials, spanning a wide range of atomic numbers Z, have been recently investigated. Remarkable effort has been put in the investigation of carbon and carbon mixtures phase transitions under dynamic loading.

The National Ignition Facility (NIF) (Livermore Livermore National Laboratory, CA) has the unique capability of compressing materials in the solid phase to TPa pressures and it has recently been used to compress diamond to 2 TPa along a quasi-isentropic path, demonstrating the persistence of the diamond structure [START_REF] Lazicki | Metastability of Diamond Ramp-Compressed to 2 TPa[END_REF] , which is at odds with numerical calculations predicting the emergence of new phases [START_REF] Scandolo | SC4: A metallic phase of carbon at terapascal pressures[END_REF][START_REF] Sun | Structural transformations in carbon under extreme pressure: Beyond diamond[END_REF][START_REF] Martinez-Canales | Thermodynamically Stable Phases of Carbon at Multiterapascal Pressures[END_REF] . X-ray diffraction experiments at the Omega Laser Facility (University of Rochester, NY) have been used to demonstrate the formation of diamond in double-shocked epoxy (a CH polymer including oxygen, nitrogen and chlorine) to 150 GPa [START_REF] Marshall | Diamond formation in double-shocked epoxy to 150 GPa[END_REF] , adding to the existing literature of diamond formation in shocked hydrocarbons [START_REF] Kraus | Formation of diamonds in laser-compressed hydrocarbons at planetary interior conditions[END_REF] . Lasercompression experiments at synchrotrons and XFELs normally achieve lower pressure states. However the use of bright picosecond or femtosecond X-ray pulses allows for the investigation of the time scale and the mechanisms of phase transition, as reported in Ref. [START_REF] Armstrong | Highly ordered graphite (HOPG) to hexagonal diamond (lonsdaleite) phase transition observed on picosecond time scales using ultrafast x-ray diffraction[END_REF] , where 100 fs X-ray pulses were used to document the appearance of the hexagonal diamond (lonsdaleite) in highly ordered pyrolytic graphite (HOPG) upon laser shock-compression up to 80 GPa.

Other in-situ diagnostics that have been combined with laser-driven compression include time-resolved Raman spectroscopy which is extremely effective in identifying phase transitions especially in molecular and organic substances (see for example Ref. [START_REF] Mohan | Crystallization and phase transitions of C6H6:C6F6 complex under extreme conditions using laser-driven shock[END_REF] for time-resolved Raman spectroscopy of shock-compressed C6H6:C6F6 cocrystal).

These new in-situ diagnostics complement more traditional ones, based on the measurements of the velocity of the rear surface of shocked sample or of the sample/window interface velocity using ultra-fast interferometers, such as VISAR or PDV. These techniques combine gas gun or laser shock compression with wave profile analysis or impedance matching techniques to identify the occurrence of phase transitions upon pressure loading and unloading, also testing the phase transition kinetics in picosecond time scales (see for example Ref. [START_REF] Joshi | An investigation of shock-induced phase transition in soda-lime glass[END_REF] for phase transitions in soda-lime glass, Ref. [START_REF] Grivickas | Phase transitions in zr at sub-nanosecond time scales[END_REF] for Zr, Ref. [START_REF] Murzov | Elastoplastic and polymorphic transformations of iron at ultra-high strain rates in laser-driven shock waves[END_REF] for Fe and Ref. [START_REF] Specht | Measurement of the Hugoniot and shock-induced phase transition stress in wrought 17-4 PH H1025 stainless steel[END_REF] for wrought 17-4 PH H1025 stainless steel). Recent developments in this area include the use of ultra-short optical fibre probes providing enhanced temporal and spatial resolution [START_REF] Zilberman | Shock wave diagnostics with an ultra-short optical fiber probe[END_REF] and the development of high throughput tabletop systems for shock compression experiments [START_REF] Li | High throughput tabletop shock techniques and measurements[END_REF] .

Implementation of the novel experimental approaches is hardly possible at the absence of reasonable (and convenient) thermodynamic representation of the media experiencing shock propagation. Such a representation is usually based on material's isotherm which is actually a kernel of the "isotherm-isentrope-Hugoniot" system. In Ref. [START_REF] Lozano | A robust three-parameter reference curve for condensed phase materials[END_REF] a general form of such an isotherm has been developed and successfully tested on several systems (ceramics, metals, polymers). Closing the system of equations describing a solid media containing shock cannot be completed without its constitutive description. Ref. 56 suggests applying the irreversible thermodynamics (generalized Onsager relations with a quadratic dissipative potential) to estimating the rise time along the Rayleigh line.

C. Engineering applications of shock physics

The shock behavior of materials must be carefully characterized and anticipated for practical applications in various fields, including defense (armor design, ballistics, ...), safety issues (shock protection, debris shielding, shock mitigation, ...) and engineering processes (improved fatigue life after shock peening, adherence testing, explosive welding, ...). Such industrial needs motivate both experimental and theoretical research work dedicated for example to better understanding laser-matter interactions 57 , to optimize laser shock peening of metallic alloys 58,59 , to design graded density impactors in order to shape pressure loading 60 , to assess damage tolerance through consecutive loading tests 61 , to investigate pore collapse and subsequent shock mitigation in foams 62 , to model drop impacts in the context of cold spray 63 , friction at compressed metal-metal interfaces 64 , or shock-induced bonding in processes like explosive welding 65 .

D. Applications to planetary science and astrophysics

Shock compression techniques have been used to generate in the laboratory the conditions existing within planets and stars. Their capability to simultaneously compress and heat materials and to achieve multi-megabar pressure regimes is extremely well suited for applications to planetary science and astrophysics. Experimental data on structure, melting temperature and density of the planetary constituent materials at the relevant pressure conditions are key to help constrain models for planetary interior structure, including the Earth. While the Earth's core conditions reach about 300 GPa and 6000 K 66 , larger planets are characterized by more extreme pressures and temperatures, where new phase transitions may happen 67 and exotic behavior may dominate material properties 68 . Based upon a scaled-up version of the Earth's internal structure, large rocky exoplanets are modeled assuming an iron-dominated core, surrounded by a silicates/oxides-dominated mantle. Recent experiments determined the melting curve of pure iron at super-Earth core conditions using in-situ X-ray diffraction 69 . Planetary cores are however likely to be a mixture of different elements and the Earth's core is also thought to consist of iron and nickel alloyed with other light elements [START_REF] Morard | Properties of iron alloys under the Earth's core conditions[END_REF][START_REF] Zhang | Experimental constraints on light elements in the Earth's outer core[END_REF] . Because alloying may affect melting temperature and crystalline structure, it is important to conduct experiments not only on the pure elements, but also on more representative Fe-Ni alloys [START_REF] Gan | Shock temperatures and melting curve of an Fe-Ni-Cr alloy up to 304 GPa[END_REF] .

Silicates, an important component of the mantles of terrestrial planets, have also been extensively studied under shock compression both experimentally [START_REF] Millot | Shock compression of stishovite and melting of silica at planetary interior conditions[END_REF][START_REF] Tracy | In situ X-Ray Diffraction of Shock-Compressed Fused Silica[END_REF][START_REF] Schoelmerich | Evidence of shock-compressed stishovite above 300 GPa[END_REF] and using numerical methods [START_REF] Cle ´rouin | Ab initio study of optical properties of shock compressed silica and lithium fluoride[END_REF][START_REF] Qi | Optical and transport properties of dense liquid silica[END_REF] . SiO2 shows a large polymorphism and its behavior under pressure is fairly well understood below 200 GPa [START_REF] Grocholski | Stability, metastability, and elastic properties of a dense silica polymorph, seifertite[END_REF] . Investigating its behavior under dynamic compression is very important, not only to help understand the convection and tectonics of the mantles of terrestrial planets [START_REF] Unterborn | Scaling the Earth: a sensitivity analysis of terrestrial exoplanetary interior models[END_REF] , but also for modeling the effects of planet-forming giant impacts [START_REF] Kraus | Shock vaporization of silica and the thermodynamics of planetary impact events[END_REF] . In addition to experimental works, modeling material behavior under shock compression using first principle molecular dynamic calculations provides important insights into effects not easy to investigate experimentally, such as changes in the nature of bonding at extreme conditions 81 .

E. Detonation and high explosives properties

High explosives are a major subject of study in shock physics both because they are routinely used as shock generators to investigate the dynamic properties of inert materials and because their own response to shock compression has critically important applications. Thus, the shock and detonation behavior of energetic materials has been an active research area for more than a century. Continuous improvements of the diagnostic techniques now provide high quality experimental data which inspire the development of refined theoretical and numerical models, both at the continuum scale and at the mesoscale relevant to capture details of thermochemistry within heterogeneous microstructures 82 . Topics covered in this area include the thermo-mechanical response of unreacted explosives below ignition [START_REF] Revil-Baudard | Dynamic response of polycrystalline high energetic systems: Constitutive modeling and application to impact[END_REF]83 , shock initiation [START_REF] Henson | Applications of chemical kinetics to detonation: Wave coalescence and homogeneous initiation in single crystal 1,3-propanediol-2,2-bis[(nitrooxy)methyl]-tetranitrate (PETN)[END_REF][START_REF] Knepper | Investigating growth to detonation in vapor-deposited hexanitrostilbene and pentaerythritol tetranitrate films using high-throughput methods[END_REF][START_REF] Kittell | Reactive burn model calibration using high-throughput initiation experiments at sub-millimeter length scales[END_REF] and sensitivity [START_REF] Rai | Novel method to control explosive shock sensitivity: A mesoscale study to understand the effect of thermally expandable microsphere (TEM) inclusions in high explosives (HE) microstructure[END_REF] , which may involve hot spot ignition and growth [START_REF] Akhtar | Comparing the shock sensitivity of insensitive energetic materials[END_REF][START_REF] Roy | Hot spot ignition and growth from tandem micro-scale simulations and experiments on plastic-bonded explosives[END_REF] , thermodynamic modeling of reaction mixtures [START_REF] Rai | Evaluation of thermodynamic closure models for partially reacted two-phase mixture of condensed phase explosives[END_REF] , determination of detonation pressure and chemical reaction zone [START_REF] Sollier | Chemical reaction zone measurements in pressed trinitrotoluene (TNT) and comparison with triaminotrinitrobenzene (TATB)[END_REF] , composition of detonation products [START_REF] Langenderfer | Relating detonation parameters to the detonation synthesis of silicon carbide[END_REF] and prediction of blast waves resulting from explosive detonation [START_REF] Williams | Investigating anisotropic blast wave parameters near the explosive-air boundary using computer simulation and experimental techniques with varying charge geometry[END_REF] .
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